Naval operations in the littoral have to deal with threats at short range in cluttered environments with both neutral and hostile targets. There is a need for fast identification, which is possible with a laser range profiler. Additionally, in a coastal-surveillance scenario a laser range profiler can be used for identification of small sea-surface targets approaching the coast. A field trial in June 2007 at the coast of Norway was conducted to validate the concept of ship identification with a laser range profile. A laser range profiler with a high bandwidth, fast laser receiver was used to perform tests on the capability of a laser range profiler for identification. The ships in the field trial were of frigate size. Good laser range profiles could be obtained up to a range of 10 km. The experimental results were compared with the geometry of the ships and a simulated range profile based on a 3D target model. The good match between experimental and simulated laser range profiles means that a database of laser range signatures can be constructed from 3D-models, thus simplifying the database creation. It is shown that sea-surface targets can be distinguished by their laser range profiles. A neural net approach could distinguish five ships with no false identification.
INTRODUCTION
Maritime borders and coastal zones are susceptible to threats like drug trafficking, piracy, undermining economical activities, etc. Effective surveillance of maritime borders and coastal zones is a necessity when they are subject to such threats. A laser range profiler can provide identification capability in combination with a detection sensor like radar. The detection sensor gives the location of the threat, while the laser range profiler can identify the target based on high range-resolution data.
A similar application of a laser range profiler is in combination with an Infrared Search and Track (IRST) sensor on board of a naval vessel. Here the profiler adds identification capability of sea and air targets to the detection capability of an IRST. In addition, the profiler gives the range and can discriminate between false alarms and potential threats. False alarms that can limit IRST usefulness like birds, cloud edges, and sun glints can be easily discriminated from real targets by a laser range profiler.
A laser range profiler (LRP) has the favorable properties of a good range resolution in combination with low sea-surface clutter. These properties have been validated by experiments with an eye-safe 1.5 µm laser range profiler. A range resolution of 0.6 m has been achieved. Sea-surface reflection was negligible. 7 Identification with laser range profiles is in principle easier than for radar range profiles since radar returns depend very sensitive on aspect angle due to the predominant specular reflection. 1, 2 In this paper results of the LRP measurements at the MCG/8 NATO trial in Stavanger, Norway, are discussed and used to validate previous simulated results of ship identification with an LRP. 8, 9 It is shown that range profiles of ships can be obtained up to a range of 10 km. The range profiles have a good correspondence with the geometry of the ship and do not vary rapidly with aspect angle like radar range profiles. Thus, laser range profiles are excellent data for identification. It is shown that a database of laser range profiles can be obtained from 3D models due to the good correspondence between simulated and experimental profiles.
An alternative method of obtaining a database is direct measurement of laser range profiles. This approach was tested by separating the measured profiles from the MCG/8 trial in a training set and a test set. Good identification results were obtained with a neural learning method called HNeT, a commercial software tool. 10 The HNeT method learned from the training set and identified without errors all ships from the test set.
EXPERIMENTAL SET-UP
An experimental laser range profiler was used to validate the usefulness of such a system for sea-surface target identification. The system is depicted in Figure 1 . The green box contains the OPO laser wavelength converter, which converts the pump laser wavelength of 1.064 µm into the more eye-safe wavelength of 1.57 µm. The white box on top of the green box contains the detector and receiver telescope. The white box right next to the green box is the 1.064 µm pump laser.
The pump laser for the OPO is a Q-switched Nd:YAG laser. The maximum output is 350 mJ per pulse with a pulse length of 5 ns at a rep-rate of 20 Hz. In the OPO the laser radiation at 1.064 µm is converted to 1.57 µm. The conversion takes place in a non-linear crystal. To increase the non-linear conversion efficiency it is beneficial to increase the laser power density by focusing the laser beam into the crystal. However there is a limit on the maximum power density that the crystal can withstand. We have made an OPO design that maximizes the non-linear conversion efficiency by using two crystals instead of one, and by using S-KTP instead of KTP crystals, which have a higher damage threshold. We ended up with a ring cavity design. The OPO laser is connected to an optical telescope and in addition some filters are placed in the beam line to completely block the eye-hazardous laser pump light. The layout of the transmit section of the lidar is shown in Figure  2 . The lidar system was operated with maximum pump pulse energy of 205 mJ at a rep-rate of 10 Hz. The output from the transmitter at 1570 nm was around 30 mJ.
The receiver is constructed using a 750 mm telescope, with an optical aperture of 125 mm diameter. An InGaAs APD detector with a diameter of 80 µm was used. The small diameter APD detector is used because it allows a very high electrical bandwidth (200 MHz), which is required for a high range-resolution (0.6 meter). Figure 3 shows the results of the resolution measurements with two poles. At a separation of 60 cm the poles can still be distinguished. A resolution of 30 cm is achievable with some deconvolution if a higher sampling rate is used than shown in the figure.
I-i. For the NATO MCG/8 trial, a number of modifications to the LRP were made. Figure 4 shows the modified equipment.
The most notable and hardest modification was the change of beam divergence and receiver field of view. Other modifications were the addition of a high resolution digital photo camera and an infrared thermal imager. In order to measure large ships of the frigate class the beam divergence was extended to 2 mrad. This means that at 10 km the diameter of the laser beam is 20 meter, which is enough to cover almost all of the ship's cross-section from the front or from the rear (bow or stern view). For smaller boats, such a large divergence reduces the signal to noise ratio since less light is incident on the ship. In fact, the maximum range for the LRP that is obtained with frigates could also be obtained for small ships with a corresponding small divergence.
At closer range and for side views, the laser beam is smaller than the ship's cross-section and laser beam scanning is applied. The laser beam is scanned in azimuth and elevation and the LR profiles are combined taking into account the movement of the ship. However, in most cases of complete side view, the ship's speed was too high and the range too short to obtain a good side view profile. Figure 5 shows the position of the LRP near the sea shore of Stavanger. The elevation with respect to the sea level was about 10 m with no obstructions in the field of view. 
MARITIME CAPABILITY GROUP 8: TRIAL 2007
In the first week of June 2007 there was the trial of MCG/8 in Stavanger, Norway, that offered an excellent opportunity to evaluate the laser range profiler. We performed LRP measurements on a non-interfering basis. The trial was organised for advancement of NATO maritime EW capability. The laser range profiles were obtained during the IR measurement runs. Permission was obtained for LRP measurements of five ships from four NATO nations.
The trial consisted of two run types, based on different times of the day, and two different speeds. Geometry 1 was designed for measurements in the morning (with sun from the east and starboard broadside being heated by the sun). Geometry 2 was intended for mid-day and afternoon.
Geometry 1, shown in Figure 6 , was performed at 10 knots and 20 knots. In both cases, the ship being measured maintained course, speed, and engine settings for 30 minutes (i.e. from waypoint S if the speed was 10 knots or from R if the speed was 20 knots) to achieve thermal equilibrium. Upon arriving at waypoint C, the ship turned port in a small circle for 590° until reaching waypoint E for the second time. Then, it followed the green line through waypoints E through Q. Precise navigation through all these waypoints was not important, but the ship should face its broadside towards the measurement stations in E, G, I, K, N and Q. Further, it was important to maintain the same engine settings through the entire run.
The amber lines in Figure 6 Geometry 2 was also performed at 10 knots and 20 knots. Here the ships approached the coast from the south-west, i.e. from waypoint A or B. For both speeds, the ship being measured maintained course, speed, and engine settings for 30 minutes (i.e. from waypoint B (10 knots) or A (20 knots)) to achieve thermal equilibrium. Upon arriving at waypoint C the ship turned starboard in a small circle for 590° until reaching waypoint E for the second time. Then, it followed the green line through waypoints F through Q.
The platform was in the following configuration: hangar door, hatches and all other doors closed, radar antennas stow position etc, unless change in signature under different conditions was a declared objective. Radars were used as required for ship's safety.
EXPERIMENTAL RESULTS
Laser Range (LR) profiles of the various ships could be obtained at long range up to 10 km. Figure 7 shows the LR profiles of four ships at ranges beyond 8 km. It is clear that there is a large difference between the profiles and that the profiles have very distinctive peaks. This means that LR profiles can be used for identification purposes. LR profiles of the various ships were obtained at shorter range as well. Figure 8 shows these LR profiles of four ships at ranges between 3.5 and 5.7 km. Note that the signal-to-noise ratio is much improved compared to the profiles at long range. We will now investigate whether the experimental LR profiles correspond with simulated LR profiles based on a geometrical 3D model of a frigate. This is important in view of the results of ref. [8] that were based solely on simulated data. In that paper identification of ships with a LRP was presented based on simulated data. In addition, simulated LR profiles could be a convenient way to obtain a database of LR profiles of surface targets. Since in most cases a geometric model of a ship exists or can be constructed from photographs, a database of LR profiles based on such a model can be constructed. Figure 9 shows the 3D model of a frigate in the window of the EOSTAR model. 6 A simulated range profile was obtained from an in-house electro-optics model (EOSTAR) and the 3D model. In the simulation the ship was illuminated from the front side, i.e. the same viewing angle as shown in the EOSTAR window. Diffuse Lambertian reflection was assumed for all surfaces. 3, 4, 5 The effect of diffuse reflection was calculated in Matlab. Figure 10 shows the 3D points used by Matlab to calculate the range profile. Note that the longest axis corresponds to the range. The reflection from the sea surface was assumed negligible, which has been confirmed by several experiments in the past near the coast. 7 Furthermore, the MCG/8 trial shows negligible surface reflection as well. Using the Matlab simulation model, the simulated LR profile of a frigate with front side laser illumination is obtained. Figure 11 shows the simulated LR profile. In addition, the experimental LR profile and a plot with both profiles are shown. It is clear that the simulated LR profile corresponds quite accurately to the experimental one. Note that not only the position of the peaks corresponds but also the height of the peaks. However, the combined plot shows some differences between the experimental and the simulated LR profiles, which are indicated by ovals in the figure. The difference between the experimental and the simulated range profile can be understood by comparing these profiles with a photograph taken at short range of the ship at the MCG/8 trial. Figure 12 shows this comparison using the known length of the ship to scale the photograph exactly to the scale of the range profiles. It can be easily seen that the two differences between experimental and simulated profile are the position of the cannon and the structures on top of the bridge. The 3D model is clearly not very accurate since the position of the cannon is too close to the bridge. Furthermore, the 3D model lacks any structure above the bridge. The photographs in Figure 13 clearly show the Satcom structures that show up in the experimental profile but are absent in the simulated profile. 
IDENTIFICATION RESULTS
Laser range profiles are useful for identification of surface and air targets. In ref. [8] this claim was demonstrated in a simulation of a coastal surveillance scenario using simulated laser range profile data. The classification method was a Bayesian classifier using a correlation technique with a database constructed with simulated data. We will now test a classification method using real data employing a learning set and a test set. The classification method is based on a commercial neural learning algorithm called HNeT. 10 To test the applicability of the HNeT algorithm to this type of data, laser range profiles of five different ships were selected for study. Details of the ships will not be discussed for reasons of classification. A few hundred range profiles were obtained for the five ships of the MCG/8 trial at a variety of ranges and aspect angles. Training of the neural algorithm was done by selecting a training set at random from the data. About 50% of the data was used for training and the remainder was used for testing. Typical results are shown in Figure 14 in the form of ROC Point Curves. As can be seen from the results presented above, HNeT was able to classify all ships correctly with no errors. Further testing with a more extensive database will have to be undertaken to establish realistic expectations, but it appears that ship identification using a laser range profiling technique is feasible.
SUMMARY AND CONCLUSIONS
We have presented a concept for identification of sea-surface targets using a laser range profiler. This concept has been evaluated using real laser range profile data from a NATO trial in Norway. Results of this trial show that a laser range profiler can measure profiles of ships up to a range of 10 km. It is shown that these profiles match the geometry of the ship very closely and are distinctive provided that the shapes of the ships are not the same.
To test the applicability of the HNeT automatic identification algorithm, laser range profiles of five different ships were selected for study. A few hundred range profiles were obtained for these ships at a variety of ranges and aspect angles. Training of the neural algorithm was done by selecting a training set at random from the data base. About 50% of the data was used for training and the remainder was used for testing. Typical results indicate that the ships can be identified to a high degree of probability with very few false positives or false negatives.
An important factor is the database. For good identification results, a detailed database is needed for all ships that are of interest. In practice, it will be difficult to obtain such a database by measurements alone. An option is to use modeling results. It has been shown here that there is a good correspondence between experimental and simulated profiles if the 3D model is accurate.
